**Core tip:** The nervous mechanisms of gastric mucosal lesion in rats subjected to restraint water-immersion stress were investigated. Abnormal regulation of the enteric nervous system, mainly due to the enhanced activity of the parasympathetic nervous system, can induce gastrointestinal dysfunction. The central nucleus such as dorsal motor nucleus of the vagus, nucleus ambiguous, nucleus of the solitary tract, paraventricular nucleus, supraoptic nucleus, mediodorsal nucleus of the thalamus, central nucleus of the amygdala and medial prefrontal cortex are all involved in the formation of stress-induced gastric mucosal lesion. Nitric oxide, 5-hydroxytryptamine, hydrogen sulfide, calcitonin gene-related peptide, vasoactive intestinal peptide, acetylcholine, catecholamine, glutamate, γ-aminobutyric acid, oxytocin and arginine vasopressin may be involved in the physiological process.

INTRODUCTION
============

Stress is defined as a disordered state of homeostasis caused by internal or external noxious stimuli, and the gastrointestinal tract is the main organ that responds to stress\[[@B1],[@B2]\]. Stress-induced gastric mucosal lesion (SGML) is an acute GML mainly characterized by inflammatory erosion and gastrointestinal bleeding, which has a high mortality rate and is one of the most common visceral complications following trauma\[[@B3]-[@B5]\]. Thus, exploring the mechanisms that underlie the occurrence and development of SGML as well as the identification of more effective, safer and more affordable drugs have become one of the research hotspots in modern biology.

There are nerve plexuses in the gastrointestinal tract, with great independence in food digestion, nutrient uptake and waste removal, while the central nervous system (CNS) provides external nerves that regulate and control these functions\[[@B6]\]. Neural control of the gut is hierarchic with four basic levels of integrative organization. The first level is the enteric nervous system (ENS) that behaves like a local minibrain; the second level is in the prevertebral sympathetic ganglia; the third and fourth levels are within the CNS. Sympathetic and parasympathetic signals to the digestive tract exist at level 3, and represent the final common pathways for information outflow from the CNS to the gut. The fourth level includes higher brain centers that provide input for integrative functions at level 3\[[@B7],[@B8]\]. The nervous mechanisms of SGML have been explored by many scholars from all over the world using methods such as basic physiology, electrophysiology, immunocytochemistry and pharmacology on the basis of neurotransmitters (neuromodulators), receptors, agonists and blockers\[[@B9]-[@B18]\]. In this study, the nervous mechanism of restraint water-immersion stress (RWIS)-induced gastric dysfunction was investigated, in order to provide ideas to further reveal the nervous mechanism underlying the occurrence and development of SGML.

GMLS INDUCED BY RWIS
====================

RWIS was first discovered by Takagi, and has been widely used to elucidate the mechanism of SGML and screen for potential therapeutic drugs\[[@B19]-[@B21]\]. RWIS is a powerful multiple stress model that integrates psychological factors (*e.g*., fear, anger, anxiety and despair) and physiological factors *(e.g*., hunger, struggle and cold water). During RWIS, the anesthetized rats were fixed on a wooden board in the supine position, and then placed in cold water at 21 ± 1 °C below the sternum xiphoid in an \"erect position\" after resuscitation (Figure [1A](#F1){ref-type="fig"}). RWIS can irritate the rats, and leads to a decline in body temperature, gastric dysfunction and dotted or strip-like ulcers on the gastric mucosa within a few hours after induction (Figure [1B](#F1){ref-type="fig"}). In addition, RWIS can increase the gastric ulcer index values\[[@B22]\] in a time-dependent manner (Figure [1C](#F1){ref-type="fig"}).

![Effects of restraint water-immersion stress on gastric mucosal lesions in rats. A: The animal model of restraint water-immersion stress (RWIS). B: Gastric mucosal damage induced by RWIS (B1: control; B2: 1-h RWIS; B3: 2-h RWIS; B4: 4-h RWIS). C: Effects of RWIS on the rates of gastric erosion. *n* = 5; mean ± SE; ^a^*P* \< 0.05, ^b^*P* \< 0.01. RWIS: Restraint water-immersion stress.](WJG-26-2533-g001){#F1}

PERIPHERAL NERVOUS MECHANISM OF RWIS-INDUCED GML
================================================

ENS
---

ENS consists of both submucosal plexuses and intermuscular plexuses. The submucosal plexuses are located in the submucosal muscles, which mainly regulate gastrointestinal mucosa contraction and glandular secretion in the lamina propria. To regulate the movement of gastrointestinal smooth muscles, glandular secretion, gastrointestinal blood flow, intestinal epithelial substance transport, gastrointestinal immune response and inflammatory process, the intermuscular plexuses distributed throughout the entire digestive tract between longitudinal muscles and circular muscles can form a network with sensory neurons, intermediate neurons and motor neurons *via* synapses. Moreover, the ENS neurons are interconnected to form an independent nervous system similar to the brain and spinal cord, which is also known as the \"gut brain\" due to a high degree of independence as well as the largest and most complex autonomic nervous system in the peripheral nerves. At the same time, ENS has a large number of afferent nerves derived from the CNS, such as the vagus nerve and spinal nerve, both of which can interact and serve as the gut-brain axis\[[@B23]\]. Abnormal regulation of ENS can induce gastrointestinal dysfunction, by elevating the amplitudes and index values of gastric motility (gastric hyperkinesia), decreasing gastric mucosal blood flow (GMBF) and gastric mucus secretion, increasing the production of gastric acid and proliferation of gastric mucosal cells\[[@B14],[@B24]-[@B27]\]. Huang et al\[[@B15]-[@B17]\] examined the molecular signaling pathways related to the maintenance of gastrointestinal tract homeostasis and gastric mucosal barrier integrity, as well as the energy-related proteins that retain the levels of intracellular adenosine triphosphate (ATP). However, the exact functions of these molecules in SGML need to be further evaluated using molecular biology techniques.

SGML-related neurotransmitters/neuromodulators in ENS
-----------------------------------------------------

Similar to the CNS, there are many types of neurons in the ENS, which differ from each other not only in morphology and structure, but also in neurotransmitter diversity. Apart from acetylcholine (ACh) and norepinephrine (NE), numerous endogenous substances, such as substance P (SP), vasoactive intestinal peptide (VIP), calcitonin gene-related peptide (CGRP), ATP, 5-hydroxytryptamine (5-HT) and nitric oxide (NO), have recently been found to play important roles as neurotransmitters in the gastrointestinal neural network. These neurotransmitters are also termed the non-adrenergic non-cholinergic (NANC) nerves. Gastrointestinal excitatory motor neurons release excitatory transmitters, such as ACh and SP, thus promoting gastrointestinal smooth muscle contraction and glandular secretion. On the contrary, inhibitory motor neurons release inhibitory transmitters, such as VIP and NO, thus suppressing gastrointestinal smooth muscle contraction and glandular secretion\[[@B28]\]. All these gastrointestinal excitatory and inhibitory motor neurons can interact with each other under a complex and delicate balance. If this balance is broken, gastrointestinal dysfunction may be induced.

**NO:** NO is an active and unstable inorganic gaseous molecule secreted by NANC nerves in the ENS, which serves as a major inhibitory neurotransmitter in the gastrointestinal tract. Nitric oxide synthase (NOS) is a key rate-limiting enzyme in NO production, and NOS assessment can indirectly determine the changes in NO, which can be classified into eNOS, nNOS and iNOS. eNOS is mainly distributed in vascular endothelial cells, and the synthesized NO is mainly used to regulate GMBF and promote gastric mucosal repair. nNOS is mainly distributed in cells within the intermuscular and submucosal plexuses, endocrine cells and vascular endothelial cells, and the synthesized NO interacts with gastrointestinal hormones (VIP and ATP) to jointly regulate gastrointestinal motility\[[@B29]\]. iNOS is highly expressed upon the stimulation of endotoxins and cytokines, which produces a large amount of NO within a short period of time, and ultimately results in cell damage. Previous studies have demonstrated that NO can inhibit gastric acid secretion and neutrophil adhesion, improve gastric mucosal blood circulation and eliminate oxygen free radicals, thereby protecting the gastric mucosa from injury\[[@B30],[@B31]\]. It was reported by Nishiad et al\[[@B31]\] that the expression level of iNOS increased significantly in the gastric mucosa of RWIS rats, while that of eNOS reduced significantly, indicating that the changes in iNOS and eNOS activities in the gastric mucosa are closely related to the incidence of GML. In SGML, L-NAME (NOS inhibitor) can decrease the production of NO, thus exacerbating acute GML and inhibiting the healing process of chronic gastric ulcers, while L-Arg (NO precursor) can obviously prevent the injury\[[@B32]-[@B34]\]. Wei et al\[[@B35]\] found that NO is involved in RWIS, and can promote the SGML healing process.

The mechanisms of NO in protecting gastric mucosa are as follows: (1) NO can reduce vascular permeability, inhibit platelet adhesion and aggregation in gastric mucosal vascular endothelium, and prevent thrombosis. (2) Under physiological conditions, gastric mucosal vascular endothelium synthesizes NO, which in turn regulates vascular smooth muscle tension and maintains GMBF. (3) In acute GML, NO increases GMBF by dilating the mucosal blood vessels, thus promoting gastric mucosal repair\[[@B33]\]. In addition, the secretion of gastric acid can also be inhibited by NO. Upon the reaction of stimulus against gastric mucosa, enterochromaffin cells and mastocytes can release histamine to stimulate parietal cells for gastric acid production, thus aggravating the mucosal lesion. In addition, endogenous NO can inhibit the stimulation of histamine through parietal cells, thus reducing gastric acid secretion and protecting gastric mucosa. It has been found that, through *in vivo* and *in vitro* experiments, the NO donor FK409 and sodium nitroprusside can markedly suppress the gastrin-induced increase in histamine release and gastric acid secretion in rats, and L-NAME further increases gastric acid secretion\[[@B30]\]. Gastric mucous cells promote NO synthesis by expressing high-level NOS, and enhance the mucous barrier through the NO effects of promoting mucin synthesis and secretion. Based on the findings of previous experiments, RWIS-induced GMLs can weaken the synthesis and secretion of gastric mucus by reducing nNOS activity, while the NO donor L-Arg can increase nNOS activity and mucus secretion\[[@B36]\].

**5-HT:** 5-HT is an important neurotransmitter that widely exists in the brain and digestive tract. It has been estimated that 90% of 5-HT is synthesized and secreted by enterochromaffin cells in the gastrointestinal tract\[[@B37]\]. There are four types of 5-HT receptors, of which 5-HT3R and 5-HT4R are the two receptor subtypes most closely related to gastrointestinal function. 5-HT3R is mainly found within the neurons of myenteric plexuses in the stomach and colon\[[@B38]\], while 5-HT4R is mainly distributed within the neurons of myenteric plexuses in the ascending colon, duodenum and gastric smooth muscles, as well as the intestinal submucosa\[[@B39]\]. Both 5-HT3R and 5-HT4R are involved in gastrointestinal motility, gastric acid and mucus secretion, and regulation of local mucosal blood flow. Due to the absence of internal and external nerve fibers in the mucous epithelium, it is a transepithelial phenomenon that ENS senses and reacts to chemical stimulus in the enteric cavity, which may be partly mediated by enterochromaffin cells. Upon response to stimulus, these cells may release 5-HT, and subsequently activate the submucosal primary afferent nerve fibers through 5-HT3R distributed on the vagal afferent nerve fibers, and transmit intestinal information to the center, thereby regulating local excitement and inhibition\[[@B40]\]. Serotonin reuptake transporter (SERT) is a type of translocator responsible for re-uptake of 5-HT from the synaptic cleft, which can rapidly eliminate 5-HT from the synapse and reduce 5-HT concentration in the intestinal tract and tissue space. Thus, pharmacological blockage of SERT function can obviously decrease gastrointestinal motility\[[@B41]\]. Chen et al\[[@B42]\] reported that, in SERT-knockout mice, watery diarrhea is likely to be caused by the enhanced action of the 5-HT signaling pathway, and slow transit constipation may be caused by the insensitivity of 5-HT receptors due to excessive 5-HT production. In addition, Morita et al\[[@B43]\] showed that 5-HT3R and 5-HT4R antagonists can inhibit the antral motility during the interdigestive period (phase III) and colonic motility in dogs. The above data indicate that the 5-HT signaling system is involved in the sensory and motor functions of the gastrointestinal tract. Apart from its motor and sensory functions in the gastrointestinal tract\[[@B44]\], 5-HT inhibits gastric acidity by increasing the synthesis of mucus\[[@B45]\]. It has been reported that 5-HT simulates prostaglandin (PG) synthesis by enhancing the activity of the cyclooxygenase pathway, which in turn stimulates mucosal blood flow and contributes to the secretion of mucus along with bicarbonate. Therefore, the 5-HT signaling system plays a vital role in the regulation of gastrointestinal motility, secretion and visceral sensation. An abnormal 5-HT signaling pathway may trigger gastrointestinal endocrine disorders, leading to a variety of gastrointestinal diseases. In addition, indomethacin-induced intestinal lesions in mice can be prevented by pretreatment with p-chlorophenylalanine (a 5-HT synthesis inhibitor). The administration of the 5-HT4 receptor agonist (mosapride) or 5-HT3 receptor antagonists (*e.g*., ondansetron and ramosetron) can dose-dependently reduce the severity of indomethacin-induced intestinal lesions, whereas a high dose of GR113808 (a 5-HT4 receptor antagonist) significantly aggravated these lesions. These findings suggest that endogenous 5-HT exerts a dual role in the pathogenesis of indomethacin-induced intestinal lesions: Pro-ulcerogenic action *via* 5-HT3 receptors and anti-ulcerogenic action *via* 5-HT4 receptors\[[@B46]\]. Additionally, the cold-restraint stress significantly increased mean ulcer index values in gastric tissue, while a decrease in enterochromaffin cell count was observed with a concomitant decrease in 5-HT content and adherent mucosal thickness. Pretreatment with Aegle marmelos reduced mean ulcer index values, and increased enterochromaffin cell count, 5-HT content and adherent mucosal thickness in ulcerated gastric tissue, suggesting that the high enterochromaffin cell count and 5-HT levels exert protective effects against cold-restraint stress-induced gastric mucosal injury\[[@B47]\].

**Hydrogen sulfide:** Hydrogen sulfide (H~2~S) is a new type of endogenous gaseous signaling molecule, and many tissues in the body can catalyze L-cysteine to H~2~S *via* cystathionine-synthase (CBS) and cystathionine-γ-lyase (CSE). In recent years, it was found that H~2~S is involved in various physiological and pathological processes in the body, which in turn regulates the motility, resists the inflammation, affects the visceral sensitivity, and promotes glandular secretion. Specifically, its regulation of digestive tract motility is mainly manifested as the suppression of intestinal motility. Exogenous administration of sodium hydrosulfide (NaHS; a H~2~S donor) can enhance the secretion of colon mucosal and submucosal chloride in guinea pigs in a concentration-dependent manner, and this secretion can be inhibited by H~2~S CSE and CBS blockers\[[@B48]\]. Krueger et al\[[@B49]\] found that H~2~S promotes intestinal secretion *via* activation of transient receptor potential vanilloid-1 (TRPV1) receptor and the release of SP, thus activating cholinergic neurons. In addition, Dhaese et al\[[@B50]\] found that NaHS can relax the gastric fundus smooth muscles of mice in a concentration-dependent manner, which can be weakened by myosin light chain phosphatase (MLCP) inhibitors, instead of ATP-sensitive potassium channel (KATP) blockers. This indicates that H~2~S-induced dilation of gastric fundus smooth muscles is realized, at least partly, by activating MLCP, but is not related to KATP.

H~2~S is able to protect the gastrointestinal tract and promote the repair of GML. Nonsteroidal anti-inflammatory drugs (NSAIDs) can markedly down-regulate the expression of CSE in gastric mucosa and reduce the synthesis of endogenous H~2~S. However, NaHS can be used to decrease the synthesis of tumor necrosis factor-alpha (TNF-α), intercellular adhesion molecule-1 and lymphocyte function associated antigen-1, reduce the adhesion of white blood cells to mesenteric vessels, increase GMBF and suppress GML caused by NSAIDs\[[@B51]\]. Both exogenous administration and endogenous release of H~2~S are gastroprotective against cold restraint stress-induced gastric injury. It has been reported that NaHS attenuates the ulcer index by reducing gastric acid output, mucosal carbonyl content, pepsin activity and ROS generation. Moreover, H~2~S also reduces TNF-α level and myeloperoidase activity\[[@B52]\]. Magierowski et al\[[@B53]\] demonstrated that treatment with NaHS plays an important physiological role in gastric mucosal protection against stress-induced lesions. The protective effect of NaHS is often accompanied by an enhancement in gastric microcirculation, possibly mediated by a significant local increase in the gastric mucosal production of H~2~S. Furthermore, the mechanism of H~2~S-induced gastroprotection may involve activation of the endogenous prostaglandin/cyclooxygenase (PG/COX) system, increase biosynthesis of prostaglandin E2 (PGE2), afferent sensory fibers release of CGRP *via* VR-1 receptors and an anti-inflammatory effect resulting in the inhibition of pro-inflammatory cytokines (*e.g*., TNF-α).

**CGRP:** CGRP is the main transmitter of capsaicin-sensitive sensory nerves, with a wide variety of functions, which is widely distributed throughout the cardiovascular, gastrointestinal and respiratory systems and commonly recognized as a protector of gastric mucosa. CGRP is the most effective vasodilator discovered to date, and it can improve blood flow through two mechanisms. (1) CGRP binds to receptors on endothelial cells and up-regulates NOS to produce NO, thereby relaxing the vascular smooth muscles. (2) CGRP directly binds to receptors on vascular smooth muscle cells and increases GMBF by activating KATP channels without involving the endothelium\[[@B54]\]. In addition, CGRP also exerts anti-apoptotic, anti-platelet aggregation, anti-oxidation, anti-proliferation and anti-aging properties. Previous findings have shown that CGRP can significantly inhibit gastric acid secretion\[[@B55]\]. Following craniocerebral injury and severe burn, the concentrations of hydrogen ions in gastric juice may be elevated. It has also been found that excess gastric acid production is related to neuroendocrine disorders, and a decrease in CGRP secretion is caused by nerve center and hypothalamic injury\[[@B56]\]. The gastric acid secretion in mice can be facilitated by an intracerebroventricular injection of thyrotropin-releasing hormone, but inhibited by CGRP. A large amount of experimental data has proved that noxious stimuli, such as GML, can trigger the sensory neurons to release CGRP, activate intermediate neurons and motor neurons. Besides, it also directly acts on smooth muscles and inhibits gastrointestinal motility, whose mechanisms are as follows: (1) The longitudinal muscles and circular muscles of the intestine are directly dilated. And (2) The NANC inhibitory neurons are stimulated, and other inhibitory neurotransmitters are released, such as NO and VIP, thereby inhibiting gas-trointestinal motility\[[@B57]\].

CGRP can help to improve local gastric microcirculation and protect against stress- or drug-induced GML by increasing gastrointestinal blood flow and regulating gastrointestinal motility. A previous study demonstrated that CGRP down-regulation is related to the pathogenesis of gastric ulcers\[[@B58]\]. After stimulation, capsaicin-sensitive sensory nerve fibers may release CGRP, and then CGRP increases the levels of prostacyclin and PGE2 in gastric mucosa, thereby inhibiting the activation of neutrophils and degranulation of mastocytes, reducing the secretion of inflammatory mediators (*e.g*., histamine), and alleviating gastrointestinal inflammation\[[@B59]\]. In a mouse model of ischemia-reperfusion injury, intraperitoneal treatment with CGRP significantly reduced gastric mucosal edema, hemorrhage, apoptosis, mucosal separation and inflammatory cell infiltration\[[@B60]\]. RWIS-induced gastric ulcers were inversely correlated with the decrease in CGRP-like immunoreactivity observed in the whole thickness of the stomach corpus. Systemic administration of CGRP exhibited a significant decrease in the lesion index of RWIS-induced ulcers, and such protection was inhibited by the functional ablation of afferent neurons induced by capsaicin pretreatment. These findings suggest that endogenous CGRP plays a defensive role in RWIS-induced ulcers\[[@B61]\].

**VIP:** As one of the most important peptide neurotransmitters, VIP is widely distributed in the circulatory, immune, reproductive and digestive systems, as well as the central and peripheral nervous systems. VIP possesses dual functions in the body, and acts as both a gastrointestinal hormone and a neuropeptide, and has been considered a type of brain-gut peptide. VIP is mainly produced by the central and peripheral nervous systems, released by the parasympathetic postganglionic fibers and coexists with ACh, which plays a regulatory role in local mucosal immu-noregulation. In the digestive system, VIP is predominantly distributed in the endocrine cells of gastrointestinal mucosa as well as the submucosal plexuses and smooth muscle layer. Moreover, VIP regulates gastrointestinal absorption, inhibits gastric acid secretion, protects the gastrointestinal mucosa from acid-induced damage, and promotes the secretion of water, electrolytes, pancreatic juice and intestinal juice in the intestine. Additionally, VIP is able to induce smooth muscle relaxation and exert a potent vasodilator effect\[[@B62]\]. The regulatory effect of VIP on gastrointestinal smooth muscle motility is closely related to the main inhibitory neurotransmitter NO, in which VIP can promote NO synthesis, relax circular muscles, inhibit gastric motility and reduce gastric tightness.

In addition, VIP exerts an impact on the integrity of the gastrointestinal mucous membrane barrier. For instance, VIP can induce the secretion of water and bicarbonate in the pancreas, thus promoting the formation and repair of the gastrointestinal mucous membrane barrier. Moreover, VIP can stimulate the production of intestinal juice, and inhibit the secretion of gastric acid and gastrin, thereby protecting the gastric mucosa, suppressing the occurrence of gastric and duodenal ulcers, and promoting the repair of ulcers\[[@B63]\]. In ethanol-induced GML, the content of VIP decreases obviously in the gastric mucosa, by reducing the release of NO and increasing the production of endothelin\[[@B64]\]. It has been reported that cold-restraint stress induces gastric lesions and mast cell degranulation, and exacerbates lipid peroxidation in gastric tissue. VIP can prevent stress-induced ulcers and mast cell degranulation, and protect gastric tissue from lipid peroxidation. When VIP was administered after stress-induced ulcers, it was demonstrated to be therapeutically beneficial, suggesting that VIP is valuable for the prevention of gastric mucosal damage induced by cold-restraint stress\[[@B65]\]. Recent studies have shown that VIP significantly suppressed cold-restraint stress gastric lesions and markedly decreased the content of histamine in the tissue. Histamine plays an important role in the development of gastric ulcers, and mast cell-derived histamine might be essential during this process. The mechanisms of the action of VIP on gastric tissue histamine levels can be explained by its inhibitory effect on the release of gastrin hormone, mast cells and enterochromaffin-like cells\[[@B66]\].

CENTRAL MECHANISM OF RWIS-INDUCED GML
=====================================

Some studies have found that RWIS leads to the elevation of blood corticosterone and adrenocorticotropic hormone levels in rats, and their levels in plasma also gradually rise over a prolonged period of stress\[[@B67]\]. This seems to indicate that the activity of the hypothalamic-pituitary-adrenal (HPA) axis is enhanced during RWIS. However, severing the subphrenic vagus nerves or consuming atropine can significantly alleviate and even cure RWIS-induced GML, but removing the pituitary glands and adrenal glands or administering phenoxybenzamine (adrenergic α-receptor blocker) has little impact on RWIS-induced GML, gastric hyperkinesia and RWIS-induced gastric acid secretion. This suggests that the HPA axis does not play a major role in RWIS-induced GML, and the peripheral nervous mechanism of RWIS-induced GML is mainly through the enhanced parasympathetic activity\[[@B14]-[@B16]\]. Therefore, the nervous mechanism of RWIS-induced gastrointestinal dysfunction in rats is mainly the \"enhanced activity of parasympathetic nervous system\", rather than the traditional ideas of the \"enhanced activity of sympathetic-adrenal medulla system\" and \"HPA axis\".

SGML-related central nuclei
---------------------------

**Medullary gastrointestinal center:** In recent years, the mechanisms of the primary central-brainstem loop in regulating gastric function have been clarified using electrophysiological and immunohistochemical techniques. Parasympathetic control is dominant in the nervous regulation of gastric function. The parasympathetic nerves that control the stomach and intestines are from the dorsal motor nucleus of vagus (DMV) and nucleus ambiguous (NA) of the medulla oblongata (both of which are the initial nuclei of parasympathetic preganglionic fibers and essential visceral motor nuclei). The nucleus of the solitary tract (NTS), located at the dorsolateral side of the DMV, is an important primary visceral sensory nucleus; while area postrema (AP), located at the dorsomedial side of the NTS, has a chemosensory function. Eventually, a dorsal vagal complex (DVC) is formed. The DVC and NA are the lower centers of visceral parasympathetic nerves that integrate both sensory afference and visceral efference, which are also the primary centers for the regulation of gastric function\[[@B68],[@B69]\].

The DVC and vagal efferent play an outstanding role in the regulation of gastric mucosal resistance to injury. However, the role of the vagal nerve is likely to be dual, as it can mediate both mucosal damaging and protective effects. It has been demonstrated that thyrotropin-releasing hormone (TRH) acting centrally in the DVC can stimulate gastric acid and pepsin secretion, induce gastric emptying and trigger ulceration *via* activation of parasympathetic outflow to the stomach\[[@B70]\]. Similarly, activation of the dorsal motor nucleus of vagus by RX-77368 (a TRH analogue) through an intracisternal injection at high dose could promote the formation of GML. Furthermore, electrical stimulation of the vagus has been found to induce GML and mast cell degranulation\[[@B71]\]. In addition, TRH, or its analogue RX-77368, injected at the dorsal motor nucleus of vagus, has been reported to protect the gastric mucosa against ethanol injury through stimulation of vagal cholinergic pathways, as both vagotomy and atropine can reverse the gastroprotective effects\[[@B72],[@B73]\]. Biochemical and pharmacological studies have demonstrated that the mechanisms of vagal-mediated gastroprotective effects may be due to the activation of vagal cholinergic pathways, secretion of gastric PG and production of NO\[[@B74]\]. Our previous study revealed that RWIS induced significant gastric mucosal damage and activated astrocytes by increasing the levels of glial fibrillary acidic protein and neurons, as indicated by Fos expression in the DMV and NTS. Intracerebroventricular administration of the astroglial toxin L-α-aminoadipate could alleviate RWIS-induced gastric mucosal damage. Immunohistochemistry results showed that L-α-aminoadipate decreased the activation of both astrocytes and neurons induced by RWIS. These findings provide strong evidence that astrocytic and neuronal activation in the DMV and NTS may be closely related to RWIS-induced gastric mucosal damage\[[@B75]\].

With the expression of immediate early genes (*e.g*., c-Fos) as an index, Zhang and colleagues\[[@B18]\] evaluated the activities of neurons in the medullary gastrointestinal center at different time periods of stress using an immunohistochemistry-based technique. They found that c-Fos was highly expressed in DVC and NA at different time periods of RWIS (30, 60, 120 and 180 min), and its expression intensity was highest in the DMV, followed by the NA and NTS. The above findings preliminarily reveal the temporal-spatial rule of nuclear activity in the primary center that regulates gastrointestinal function in rats during RWIS, and further confirm that RWIS-induced gastric dysfunction is mainly caused by the enhanced parasympathetic activity. In other words, there is a neural circuit (\"medullary gastrointestinal center-gastrointestinal wall plexus loop\") between the medulla oblongata and the gastrointestinal tract. Under RWIS, the information of gastrointestinal motility is transmitted as follows: Information → vagal afferent nerves → NTS → DMV/NA, while those of medullary efferents are disseminated as follows: DMV/NA → vagal efferent nerves → gastrointestinal wall plexuses, thereby causing gastric hyperkinesia, increasing gastric acid secretion and reducing gastric mucus secretion, and ultimately leads to GML and fecal impaction.

However, in the case of electrical stimulation of NTS in normal rats, gastric motility may be inhibited, and a possible reason for this is that excitement of the NTS activates inhibitory neurons in the DMV, thus suppressing gastric motility through a non-cholinergic neural pathway\[[@B68],[@B76]\]. In addition, gastric motility was significantly inhibited when electrical or chemical stimulation induced neuronal excitation in the NA and DMV, indicating that excitation of the NA and DMV also exerts an inhibitory effect on gastric motility\[[@B77]\]. However, the above findings are contradictory to the immunohistochemical results showing that the expression levels of c-Fos in the NA, DMV and NTS were obviously enhanced in RWIS-induced rats. This is probably due to the fact that the activity of the higher center (*e.g*., anterior hypothalamus) eliminates the inhibition of medullary visceral centers on the stomach during RWIS, thereby causing gastric hyperkinesia and increasing gastric acid secretion.

**Anterior hypothalamus:** The hypothalamus region is generally divided into the anterior hypothalamus and posterior hypothalamus. With regard to the regulation of visceral function, the anterior hypothalamus may act as the parasympathetic center, while the posterior hypothalamus serves as the sympathetic center. At different time points of RWIS (30, 60, 120, and 180 min), Fos is expressed in different degrees in the supraoptic nucleus (SON), paraventricular nucleus (PVN) and suprachiasmatic nucleus (SCN) in the anterior hypothalamus, most noticeably in the PVN and SON\[[@B78]\]. Chemical or electrical stimulation of the PVN can markedly aggravate gastric ulcers in RWIS rats, whereas electrical damage of the PVN can alleviate ulcers\[[@B79]\]. Bilateral vagotomy can suppress GML triggered by electrical stimulation of the PVN\[[@B80],[@B81]\], indicating that PVN stimulation-induced GML is mediated by parasympathetic pathways. Lu et al\[[@B82]\] found that chemical (L-Glu) or electrical stimulation of the SON could promote gastric acid secretion. These results further confirm the above-mentioned statements that the nervous mechanism of RWIS-induced gastrointestinal dysfunction is mainly through the \"enhanced activity of parasympathetic nervous system\". Therefore, the excessive activities of the SON and PVN in the anterior hypothalamus may be one of the central mechanisms underlying stress-induced gastrointestinal dysfunction.

**Central nucleus of the amygdala:** The amygdaloid complex is an important subcortical nucleus in the limbic system, which is involved in the regulation of mood, emotion and visceral activities related to emotional stimulation, and has thereby attracted considerable attention\[[@B83],[@B84]\]. The central nucleus of the amygdala (CEA) is an important nucleus of the amygdaloid complex, which is closely associated with the autonomic responses to stress and maintenance of gastric mucosal integrity\[[@B85]-[@B88]\]. At different time points (30, 60, 120 and 180 min) of stress, the expression level of Fos was significantly enhanced in the CEA, and was second only to that in the anterior hypothalamus\[[@B89]\]. According to previous anatomical studies, CEA has complex fiber connections with the NTS and DMV in the medullary gastrointestinal center\[[@B90],[@B91]\]. It has also been found in physiological studies that electrical stimulation of different regions in the CEA can promote the secretion of gastric acid\[[@B92]\], enhance or decrease gastric motility\[[@B93],[@B94]\], induce gastric ulcers\[[@B95]\], and alter the activity of neurons in NTS and DMV in the medullary gastrointestinal center\[[@B90],[@B91]\]. Moreover, electrical stimulation of CEA-induced vagus nerve-mediated gastric ulcers, demonstrates that the CEA may play a role similar to the hypothalamus. One possible reason is that its neuronal activity diminishes the inhibitory effect of the medullary gastrointestinal center on the gastrointestinal tract, but further research is needed to verify this hypothesis.

**Medial prefrontal cortex:** The medial prefrontal cortex (mPFC), the highest-level association cortex in mammals, plays a key role in many advanced brain functions. RWIS includes psychological stress and physiological stress. According to the immunohistochemical findings, the expression levels of Fos were relatively high in the prelimbic cortex (PL) and infralimbic cortex (IL) of the mPFC in RWIS rats, in addition to the DMV, NTS, NA, SON and PVN. In both IL + PL-sham-operated and IL + PL bilateral-lesioned groups, exposure to RWIS for 4 h could affect the curves of gastric motility by changing from high-frequency, short-term and low-amplitude fast waves to low-frequency, long-term and high-amplitude slow waves, which represent an obvious sign of gastric hypermotility. Synaptic plasticity can maintain the stability of neural circuits, and the brain can adapt to changes in both internal and external environments through neural plasticity changes in synaptic structure and function when coping with stress. Compared to the control group, the concentration of postsynaptic density protein 95 (PSD95) decreased in the mPFC of the RWIS 4-h group\[[@B96]\]. From the dendritic spine staining results, it was found that the number of dendritic spines per unit length (10 μm) in the 1-, 2- and 4-h RWIS groups was significantly lower than that in the control group. Moreover, according to electron microscopic observations of PFC synapses, the synapses displayed an unclear outline, and there were more perforated synapses and more vacuolated mitochondria observed in the 4-h RWIS group, indicating that oxidative stress causes certain damage in mitochondria. In addition, the number of synapses per unit area, number of presynaptic vesicles and thickness of the PSD in the 4-h RWIS group were obviously decreased compared to those in the control group. From the results of proteomic analysis, it was observed that there were 129 differentially expressed proteins (88 up-regulated and 41 down-regulated) between the control group and the 4-h RWIS group. According to the GO analysis, 22% (29) of the differentially expressed proteins were directly related to nervous system functions, including synaptic plasticity (6), axon morphology and growth (12), neurodevelopment and apoptosis (10), and neural signal transmission (1), while some were associated with synaptic vesicle circulation and toxicological metabolism. These findings indicate that the mPFC is involved in the regulation of RWIS-induced gastric dysfunction, but its exact role requires further study.

**Mediodorsal nucleus of the thalamus:** Using Fos, SYN and SYN-I as indices, it has been demonstrated that the PFC is involved in the responses to RWIS. However, gastric motility was not significantly affected following an injection of sodium L-glutamate, electrical stimulation of PL or IL of the PFC, suggesting that other nuclei are required to transmit RWIS signals into the PFC. After electrophoresis of the PFC, no labeled nerve cell bodies were observed in the PVN or SON, but were found in the mediodorsal nucleus of the thalamus (MD), indicating that the MD may emit fibers to the PFC.

MD is the largest subnucleus in the medial thalamic nucleus group, as well as the only thalamic nucleus with a fiber connection to the PFC. We also found that the expression level of Fos was significantly upregulated in the MD of RWIS rats compared to that in the control group, and the expression levels of SYN and SYN-I in the 1-h RWIS group were significantly higher than those in the control group, indicating that MD is involved in RWIS. As has been previously reported in the literature, the MD exhibits complex efferent and afferent fiber connections with the PFC, hypothalamus and brain stem, thus forming multiple neural circuits\[[@B97]\]. In addition, the MD is a higher-order thalamic relay nucleus that forms the cortex-thalamus-cortex circuit, which serves as an important integration site of visceral and physical activities\[[@B98]\]. A recent study reported that the density of dendritic spines on the dendritic shaft of neurons in the MD was markedly decreased in the 1-h RWIS group compared to that in the control group\[[@B99]\]. Electrophysiological findings showed that the firing rate of MD neurons was significantly reduced, the mean interspike interval was significantly prolonged and the burst rate gradually declined in awake rats during RWIS, suggesting that RWIS exerts an inhibitory effect on the neurons in the MD. Quantitative proteomic analysis revealed that a total of 65 dysregulated proteins were identified, which are mainly involved in the signaling pathways associated with neurological diseases. Moreover, 31 upregulated proteins were primarily related to cell division, while 34 downregulated proteins were related to neuronal morphogenesis and neurotransmitter regulation. Furthermore, glycogen synthase kinase-3 beta might be related to the central mechanism through which RWIS gives rise to stress-induced gastric ulcers.

Central neurotransmitters/neuromodulators in SGML
-------------------------------------------------

**ACh:** ACh is the first discovered, classical neurotransmitter that is distributed throughout the motor and sensory systems, brainstem reticular structure, limbic system and cerebral cortex. ACh has been shown to affect the sensory, motor, learning, memory and other functions in the CNS, especially excitation function. Continuous intravenous injection of ACh can cause severe GML in rats\[[@B100]\]. Moreover, injecting ACh into the NTS can significantly enhance the protective effect of electroacupuncture against GML, while injecting atropine can weaken this effect, suggesting that the effect of ACh is mediated by the cholinergic M receptor\[[@B101]\]. In addition, injecting low-dose ACh into the lateral ventricle evidently strengthens the aggravating effect of electrical stimulation of the PVN on SGML, which is also mediated by the M receptor\[[@B79]\]. We studied and proved that the excessive activity of cholinergic neurons in the middle segment of the DMV and NA is one of the primary central mechanisms responsible for RWIS-induced gastric dysfunction.

**Catecholamine:** Catecholamine (CA) is a collective term for NE, epinephrine (E) and dopamine (DA), and is one of the classic neurotransmitters abundantly distributed in the central and peripheral nervous systems. Numerous morphological and electrophysiological studies have confirmed that NE and DA are important endogenous inhibitory neurotransmitters that protect the integrity of gastric mucosa during stress\[[@B102],[@B103]\]. A micro-injection of NE into the lateral ventricle can reduce the aggravating effect of electrical stimulation of the PVN on SGML in a dose-dependent manner, which is mediated by β-adrenergic receptors\[[@B79]\]. DA antagonists applied in the center may worsen SGML, while DA agonists can relieve SGML\[[@B104]\]. Moreover, after 6-OHDA is injected into the ventral tegmental area to deplete endogenous DA, or haloperidol (a DA receptor antagonist) is injected into the NA, the protective effect of neurotensin against RWIS-induced GML is obviously inhibited\[[@B105]\]. Zhao et al\[[@B106]\] found that catecholaminergic neurons in the nucleus of the medullary visceral center participate in the regulation of RWIS-induced GML, whereas catecholaminergic neurons in the nucleus of the anterior hypothalamus are rarely or not involved. Therefore, the neurons responsible for RWIS are not located in the anterior hypothalamus, but instead the neuronal activity in the nucleus may be regulated by medullary catecholaminergic neurons.

**Glutamate:** Glutamate (Glu) is the most abundant and widely distributed neurotransmitter in the brain and CNS, and conveys peripheral nociceptive information to the center. It has been closely associated with rapid excitatory synaptic transmission, neuronal development and death, synaptic plasticity and the incidence of some neurological diseases\[[@B107]-[@B110]\]. Yao et al\[[@B111]\] found that the contents of excitatory amino acids (Asp, Glu and Gln) in the brain tissues of rats were significantly higher in the 5-h RWIS group than those in the control group. Micro-injection of L-Glu into the middle segment of rat DMV could enhance vagus nerve-mediated gastric motility, while injection of L-Glu into the final segment of the DMV and micro-injection of L-Glu into rat NTS could inhibit such gastric motility\[[@B10],[@B112]\]. The amount of H^+^ in the secreted gastric juice of rats injected with Glu into the AP evidently rises compared to that in rats injected with normal saline, and this effect is mediated by the vagus nerve. Krowicki et al\[[@B113]\] injected L-Glu into the NA of rats, and the results showed that the peak of intragastric pressure and contraction of pyloric smooth muscles were greatly increased. Furthermore, we found that micro-injection of L-Glu into rat AP, right NA, DMV and NTS might suppress gastric motility in a dose-dependent manner.

**γ-aminobutyric acid:** γ-aminobutyric acid (GABA) is one of the major inhibitory neurotransmitters in the CNS, and is widely distributed in various regions of the brain, and has been associated with higher brain functions (*e.g*., attention, working memory, mood and motorial inhibition). Shi *et a*l\[[@B114]\] found that gastric ulcers were significantly relieved after injecting GABA and pentobarbital sodium (a GABAA receptor agonist) into the lateral ventricle, and they were aggravated after injecting bicuculline (a GABAA receptor blocker). This indicates that GABAA receptor mediates the inhibitory effect of GABA on RWIS-induced GML.

**Oxytocin:** Oxytocin (OT) is a neuropeptide composed of 9 amino acids, which is mainly synthesized in the magnocellular part of the hypothalamic SON and PVN\[[@B115]\]. When an OT receptor (OTR) blocker was injected into the animal DMV, gastric secretion was suppressed and motility was enhanced. When OT was injected into the DMV, the opposite results were obtained\[[@B116]\]. The injection of OT into the lateral ventricle significantly relieved GML induced by cold restraint stress or subcutaneous injection of mercaptoethylamine\[[@B117]\]. RWIS could induce the expression levels of Fos in 34% and 28% of OT neurons residing in the PVN and SON of rats, indicating that RWIS activates OT neurons in both the PVN and SON\[[@B118]\]. It has been reported that OTR neurons are almost uniformly distributed in the start-final segments of the nucleus of the medullary gastrointestinal center. Moreover, the number of Fos+OTR-immunoreactive neurons (Fos+OTR-IR) in the 1-h RWIS group was obviously increased compared to that in the control group, and the proportions of Fos+OTR-IR neurons in Fos-IR neurons were approximately 58% and 45% in the DMV and NTS, respectively, in the 1-h RWIS group, indicating that the activities of neurons in the DMV and NTS are regulated by OTR-mediated OT\[[@B118]\].

**Arginine vasopressin:** Arginine vasopressin (AVP) is also a peptide hormone mainly secreted by large-cell neuroendocrine cells of the PVN and SON in the hypothalamus. In addition to the PVN and SON, AVP neurons are also distributed in the SCN, peripheral hypothalamic area, lateral hypothalamic area, posterior hypothalamic area and the CEA. RWIS can induce the expression levels of Fos in AVP neurons to 40% and 53% in the PVN and SON, respectively, in rats, indicating that RWIS activates the AVP neurons in both the PVN and SON\[[@B118]\]. Similar to OTR, AVP neurons (V1bR) are almost uniformly distributed in the start-final segments of the nucleus of the medullary gastrointestinal center. Moreover, the number of Fos + OTR-positive neurons in the 1-h RWIS group was obviously increased compared to that in the control group, and the proportions of Fos + V1bR immunoreactive positive neurons in Fos-positive neurons in the DMV and NTS were approximately 72% and 52%, respectively, in the 1-h RWIS group, indicating that the activities of neurons in the DMV and NTS are regulated by V1bR-mediated AVP\[[@B118]\]. Micro-injection of AVP into the DMV in rats can significantly inhibit gastric mobility and promote gastric acid secretion. Following micro-injection of AVP into the DMV, gastric motility was significantly inhibited. Furthermore, the inhibitory effect of AVP on gastric motility could be completely blocked by both SR49059 (a specific AVP receptor antagonist) and hexamethonium (a specific neuronal nicotinic cholinergic receptor antagonist). These data indicate that AVP inhibits gastric motility by acting on the specific AVP receptor in the DMV, with the potential involvement of parasympathetic preganglionic cholinergic fibers\[[@B119]\].

In addition, the types of neurotransmitters/neuromodulators in the medullary gastrointestinal center in response to RWIS have been studied and it was found that SP, enkephalin, H~2~S and other neurotransmitters/neuromodulators are involved in the regulation of RWIS-induced gastric dysfunction\[[@B120],[@B121]\].

Central nervous pathways of SGML
--------------------------------

Some scholars have summarized the regulatory pathways of gastrointestinal function under normal physiological conditions\[[@B6],[@B122],[@B123]\], and the major nuclei involved\[[@B124]\]. According to these studies, several hypotheses have been put forward, and a preliminary consensus has been reached by domestic and foreign scholars on the peripheral and central nervous mechanisms of RWIS-induced gastrointestinal dysfunction. It was shown that the sensory information from the gastrointestinal tract and other internal organs are transmitted to the NTS through visceral sensory fibers in the vagus nerve, integrated by NTS secondary neurons in the brain stem, and then conveyed to relevant nuclei, such as the DMV, *via* neurotransmitters (*e.g*., Glu). DMV regulates the gastric motility through parasympathetic nerves, and parasympathetic neurons control the gastric function *via* two different pathways. (1) The M receptor is activated to enhance gastric motility and secretion *via* the cholinergic excitatory pathway. And (2) Gastric function is inhibited mainly by releasing NO or vasopressin (VP) *via* activating the NANC pathway (Figure [2](#F2){ref-type="fig"}). With regard to the advanced central nervous mechanism of RWIS-induced gastrointestinal dysfunction, the potential advanced central nervous regulatory pathway of gastrointestinal function in rats under RWIS is hypothesized based on the previous works of our research group and relevant scholars (Figure [2](#F2){ref-type="fig"}). The MD receives the advanced neural activity information from the PFC (possibly IL) *via* the cortical-thalamic pathway, integrates such information with that from subcortical structures (*e.g*., the hypothalamus and medulla oblongata), and then feeds the integrated information back to the PFC *via* the thalamic-cortical pathway. At the same time, there is a two-way fiber connection between the IL and CEA, and the final integrated information from the PFC is directly or indirectly fed back to the medullary gastrointestinal center through the CEA, thereby inducing gastric dysfunction.

![Schematic diagram of the central nervous pathways of restraint water-immersion stress-regulated gastrointestinal function. Solid line: The pathways that have been determined; Dashed line: The pathways that remain to be further verified; Blue line segment: Upward; Green line segment: Downward. mPFC: Medial prefrontal cortex; CEA: Central nucleus of the amygdala; MD: Mediodorsal nucleus of the thalamus; DMV: Dorsal motor nucleus of vagus; NA: Nucleus ambiguous; NTS: Nucleus of the solitary tract; VIP: Vasoactive intestinal peptide; 5-HT: 5-hydroxytryptamine; NO: Nitric oxide; ACh: Acetylcholine; NE: Norepinephrine; GABA: γ-aminiobutyric acid; Glu: Glutamate; PVN: Paraventricular nucleus; SON: Supraoptic nucleus; OT: Oxytocin; AVP: Arginine vasopressin.](WJG-26-2533-g002){#F2}

CONCLUSION
==========

To sum up, the nervous mechanism of RWIS-induced gastrointestinal dysfunction in rats is mainly the \"enhanced activity of parasympathetic nervous system\", rather than the traditional ideas of the \"enhanced activity of sympathetic-adrenal medulla system\" and \"HPA axis\", and multiple nuclei in the brain, characterized by multi-stage and autonomous regulation.

The nuclei in the brain interact with each other either cooperatively or anta-gonistically to form a complex information network. As a result, the same nucleus may exert inhibitory and excitatory effects on gastric function. For instance, the DMV not only inhibits gastric motility, but also promotes gastric acid secretion. Hence, the role of a certain nucleus has not been specifically defined by scholars in the discussion of multiple formation mechanisms of SGML. Therefore, further research is needed to resolve this uncertainty.

In addition, the levels of nuclei involvement varied with the time of stress. At different time points (30, 60, 120 and 180 min) of RWIS in rats, the expression levels of c-Fos were markedly different in the DMV, NTS and NA, and the highest expression level was observed in the DMV, followed by NTS and NA. Moreover, the different sub-regions of the same nucleus also exhibit different levels of involvement\[[@B18]\]. Notably, the expression levels of c-Fos differed significantly in the hypothalamic SON, PVN, SCN, CEA and mPFC, and its expression intensities from high to low were as follows: SON, SCN and PVN at 30 min; SON, PVN, SCN and mPFC at 60 min; SON, SCN, CEA and PVN at 120 min; SON, PVN and CEA at 180 min\[[@B98]\]. Thus, the temporal-spatial relation of nuclear activity in RWIS-induced GML remains to be elucidated further.

SGML is the result of the combined action of the central and peripheral nervous mechanisms, which involves a wide variety of signaling molecules as well as a complex information network that leads to GML under RWIS. The signaling molecules, such as SP, have dual effects on gastric function. Therefore, these signaling molecules may not only promote or inhibit the gastric function, but also directly act on a single site in the stomach, which require more in-depth studies in the near future.
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